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1. Introduction

In the steelmaking process, hot metal pretreatment is a critical step for improving the final steel quality.
Among these operations, hot metal deslagging aims to remove the upper slag generated after desulfurization
and dephosphorization, and is essential for ensuring the stability of subsequent refining processes and the
cleanliness of molten steel [1, 2]. With increasing smelting rhythm and rising quality demands, traditional man-
ual or semi-mechanized deslagging methods can no longer satisfy the requirements of modern steel plants
regarding production efficiency, operational safety, and process consistency. Although considerable progress
has been made in the optimization of hot metal pretreatment technologies [1-5], automated deslagging based
on industrial robots is gradually becoming a key direction in this field [6-10].

However, the operating environment for hot metal deslagging is extremely harsh. Adverse factors such as
high-temperature radiation, dust contamination, and heavy-load impacts pose severe challenges to the struc-
tural strength, motion accuracy, and long-term reliability of the deslagging robot [11, 12]. Their results indicate
that process parameters—including hot metal composition, slag characteristics, and stirring dynamics —di-
rectly affect the load characteristics and motion patterns of the deslagging operation, thereby serving as im-
portant external sources of vibration excitation. It is noteworthy that the deslagging robot typically employs a
long cantilever telescopic boom structure to achieve a large working envelope. Nevertheless, this configuration
leads to relatively insufficient system stiffness, which can readily induce significant elastic vibration during
heavy-load startup, braking, and variable-speed movements [13].

Therefore, conducting systematic rigid-flexible coupled dynamic modeling and dynamic response analysis
has become a key technical issue urgently needing resolution to enhance the performance of deslagging robots
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[14, 15]. This study aims to construct an accurate dynamic model that reflects the system's coupling character-
istics by integrating multi-body dynamics theory with the finite element analysis (FEA) method. Furthermore,
co-simulation technology will be utilized to quantitatively analyze the vibration response, laying a solid theo-
retical foundation for understanding the essence of vibration and guiding subsequent performance optimiza-
tion [16]. Different from conventional rigid-body analyses commonly applied to industrial manipulators [17],
this study focuses on the vibration mechanism of a hot metal deslagging robot characterized by a long cantilever
boom and rack-and-pinion transmission. The contribution of this study lies not only in establishing a rigid-
flexible coupled dynamic model, but also in quantitatively characterizing the vibration response and identify-
ing critical operating stages. The proposed model reveals the influence of structural flexibility and transmission-
induced nonlinear excitation on end-effector positioning deviation, providing reference data for subsequent
vibration suppression and control optimization [18].

2. Dynamics Modeling for the Deslagging Manipulator

The hot metal deslagging robot investigated in this study consists of a base, frame, boom, telescopic arm,
hydraulic actuators, and a deslagging tool, as shown in Figure 1. The robot achieves deslagging motion through
coordinated rotational and translational joint movements. Among these subsystems, the boom is the primary
load-bearing component, characterized by its long cantilever geometry and relatively low stiffness-to-mass ra-
tio. This inherent flexibility makes the boom a critical source of dynamic deformation, and it is therefore treated
as a flexible body in the dynamic analysis, whereas all other components are modeled as rigid bodies.

The simplified model of the designed deslagging robot is shown in Figure 1. It primarily comprises core
components such as the base, frame, boom, arm, and bucket (deslagging tool). The telescopic movement of the
arm is achieved via a rack-and-pinion mechanism engaged with the boom. Structural steel is selected as the
primary material for the overall structure.

Before performing the rigid-flexible coupled dynamic simulation, the accuracy of the flexible boom model
was verified through a static deformation comparison under gravitational loading. The boom was constrained
according to the actual assembly conditions, and its deformation caused by self-weight was calculated using
both finite element analysis and theoretical beam theory. Specifically, the maximum vertical deflection at the
free end of the boom was selected as the validation indicator. The theoretical deflection was obtained based on
the Euler—Bernoulli beam assumption, while the numerical result was extracted from the ANSYS static struc-
tural analysis under identical boundary conditions and material properties. The relative deviation between the
two methods was less than 5%, indicating that the finite element model can accurately capture the stiffness
characteristics of the boom and can subsequently be used for flexible body generation.

After validation, the flexible boom was converted into a Modal Neutral File (MNF) for ADAMS integration.
The modal analysis employed mass normalization, where the modal vectors were scaled such that the general-
ized modal mass matrix became an identity matrix. This normalization process ensured modal decoupling and
provided a suitable representation of elastic deformation for rigid-flexible coupled dynamic simulation.

Figure 1. The 3D Model of the Deslagging Robot
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When establishing a rigid-flexible coupled dynamic model of the deslagging robot with the boom as the
flexible component, it is necessary to integrate the kinematics of rigid components with the theory of elastic
deformation of flexible bodies. The system equations are formulated using either the Lagrange method or the
assumed modes method. The kinetic energy of each rigid body is calculated based on the velocity of the center
of mass and the moment of inertia. The total kinetic energy is expressed as:

1
Tp = S it millvill? + w/Jiw) (D

where T, represents the total kinetic energy of all rigid components; N, the total number of rigid com-
ponents in the system; m;, the mass of the i-th rigid component; v;, the velocity vector of the center of mass
of the i-th rigid component; J;, the corresponding inertia; w;, the angular velocity vector. The kinetic energy
of the flexible body comprises the kinetic energy due to rigid-body motion and the kinetic energy due to elastic
deformation.
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where p is the density of the flexible-body material; R, the position vector of an arbitrary point on the
flexible body; R, the absolute velocity of that point; and V, the volume of the flexible body.

By substituting the velocity expression into the kinetic energy formula and applying finite element dis-
cretization, the final expression for the kinetic energy is obtained as:

T o .
=3[0 [me TN+ 2 M+ i [7] ®)
where r is the position vector, in the global inertial coordinate system, of the origin of the floating frame

of reference attached to the flexible body; 7, the translational velocity vector of the origin of the floating frame

of reference; I, the 3 x 3 identity matrix; c, the position vector of the flexible body's center of mass relative to the
floating frame of reference, defined in the undeformed state; ¢, the cross product (skew-symmetric) matrix of
vector ¢; ¢r, the modal velocity vector; Mgf, the elastic mass matrix; and M, the rigid-flexible coupled mass
matrix.

The potential energy consists of the gravitational potential energy and the elastic potential energy. The

gravitational potential energy is the sum of contributions from the rigid components and the flexible boom's
center of mass, while the elastic potential energy is given by:

1T
Velastic - Eue Keue (4)

where u, is the elastic displacement vector defined in the physical coordinates of the finite element nodes;
K., the global elastic stiffness matrix.

3. Rigid-Flexible Coupled Model Development

To conduct a co-simulation of the rigid-flexible coupled system of the deslagging robot, the boom must
first be converted into a flexible body using ANSYS [19, 20]. The specific procedure involves generating a Modal
Neutral File (MNF) for the boom. This file is then imported into the rigid-body model within ADAMS to replace
the corresponding boom component. Subsequently, simulation data regarding the vibration conditions during
the deslagging process under the rigid-flexible coupled state can be obtained. During the MNF generation
process, the finite element physical coordinates are transformed into reduced-order modal coordinates. Since
the flexible body is represented by a limited number of retained vibration modes, small numerical residual
terms may remain due to modal truncation and numerical precision. These residuals correspond to generalized
modal coordinates rather than actual structural deformation and do not affect the prediction of the overall
dynamic response of the flexible body. Therefore, the modal responses extracted from the flexible body should

be interpreted as vibration characteristics rather than direct measurements of elastic displacement. The
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generated MNEF file is read by ADAMS and used to replace the corresponding boom mechanism in the rigid-

body model. The detailed workflow of the co-simulation is illustrated in Figure 2.

Solidworks
Modeling
Assemble
and Inspect
|
Import Into Import Into
ANSYS ADAMS
Define Material Rigid-Flexible
Properties Coupled Model
. Apply
Meshing Constraints and|
l Loads
Generate the
Model
flexible body Validation
for the boom i
Output the
simulation
results

Figure 2. Flowchart of the Co-simulation

The constraint relationships after boom replacement are listed in Table 1.

Table 1. Constraints after Boom Replacement

. Constraint Constrained
Constraint Number .
Type Bodies

1 Revolute Joint The front of the boom and the hy-
draulic cylinder

2 Revolute Joint The middle of the boom and the hy-
draulic cylinder

3 Revolute Joint The boom and the gear

A fixed joint was applied to the base component of the established rigid-body model in ADAMS. A
sinusoidal gait was defined at the robot's joints to simulate the motion of the deslagging robot. A measurement

point was set at the deslagging tool (bucket). The vibration displacement and velocity variations of each joint
and marker point were analyzed using the ADAMS post-processing module. This modeling approach enables
simulations that more accurately reflect real-world conditions, thereby facilitating in-depth investigation into

vibrations and other issues during the deslagging process. The results provide a model foundation and

analytical basis for subsequent research on vibration suppression methods. The rigid-flexible coupled model is

shown in Figure 3.

Y

-

Figure 3. ADAMS-based rigid-flexible coupled dynamic model of the hot metal deslagging robot
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The theoretical path of the end-effector measurement point on the deslagging robot is generated by the
coupled motion of all joints strictly following predefined angular/displacement profiles. However, due to the
flexible nature of the boom and the dynamic characteristics of the rack-and-pinion drive (e.g., time-varying
meshing stiffness, backlash, and transmission errors), the actual trajectory of the rigid-flexible coupled model
exhibits significant positional deviation compared to the desired trajectory of the purely rigid model. This
deviation is primarily observed in the Y-Z plane and substantially compromises the precision of the deslagging
operation. The following analysis focuses on the vibration profiles at key points:

Before analyzing the end-effector positional deviation, the local dynamic responses at several critical
connection points were investigated. Figures 4-7 present the modal coordinate responses extracted from
ADAMS at the front joint and middle section of the flexible boom. It should be noted that these values are not
the actual elastic deformation of the boom structure. Due to the mass-normalized modal representation used in
the MNP file, the extracted generalized coordinates contain numerical residuals with magnitudes on the order
of 107 mm. Such values are physically negligible compared with the actual structural deformation and should
not be interpreted as measurable displacement. Instead, these responses are used to identify the periodic
excitation characteristics introduced by the rack-and-pinion transmission system.

Generalized modal response ( mm)

0.0 10 20 30 40 50 6.0 7.0 80

Time (s)

Figure 4. Generalized modal response at the front boom joint along the Y direction
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Figure 5. Generalized modal response at the front boom joint along the Z direction

As shown in Figure 4, the vibration profile along the Y-axis at this point exhibits distinct periodic
characteristics, which are associated with the rack-and-pinion meshing. Although periodic vibration
characteristics are observed, the corresponding values represent generalized modal responses rather than
physical displacement and therefore should not be directly interpreted in terms of engineering tolerance. As
shown in Figure 5, the vibration amplitude in the Z-direction is relatively smaller than that in the Y-direction,
but also demonstrates certain periodic features. This indicates that the front boom joint exhibits a relatively
stable dynamic response, although periodic excitation associated with the rack-and-pinion transmission is still
present.
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Figure 6. Generalized modal response at the middle boom section along the Y direction
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Figure 7. Generalized modal response at the middle boom section along the Z direction

Combining Figures 6 and 7, it can be observed that during the operation of the deslagging robot, the
vibration at the midsection of the boom is relatively minor, indicating an overall stable working condition.

The displacement curves of the measurement point at the deslagging tool in the Y-axis direction, Z-axis
direction, and the resultant displacement are shown in Figures 8, 9, and 10, respectively.

Y-direction displacement deviation (mm)

0 10 20 30 40 50 6.0 70 5.0

Time ()

Figure 8. End-effector displacement deviation along the Y direction

Z-direction displacement deviation (mm)
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Time (s)

Figure 9. End-effector displacement deviation along the Z direction

The resultant displacement deviation shown in Figure 10 provides an overall evaluation of the spatial
positioning error of the deslagging tool. The maximum deviation occurs during the startup stage and reaches
approximately 25 mm, while another relatively large deviation appears during the later operation stage. The
resultant deviation represents the combined effect of rigid-body motion deviation, elastic deformation of the
flexible boom, and drivetrain-induced dynamic excitation. Among these factors, structural flexibility mainly
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determines the low-frequency deformation characteristics, whereas drivetrain nonlinearities contribute
periodic disturbances during motion. The results indicate that the startup process is the most critical operating
condition for improving the positioning accuracy of the hot metal deslagging robot. Reducing the acceleration
rate, increasing structural stiffness, and improving transmission accuracy are potential approaches for
suppressing end-effector deviation.

Time (s)

Figure 10. Resultant displacement deviation of the end-effector

As shown in Figure 8, significant vibration error is observed along the Y-axis during the startup phase (0-
1 s) and the period of 3-5 s, with a maximum peak value reaching approximately 15 mm. The vibration
amplitude decreases thereafter. Figure 9 indicates that a certain level of vibration error also exists in the Z-
direction, but its overall magnitude is smaller than that in the Y-direction. The resultant displacement curve,
shown in Figure 10, comprehensively reflects the spatial position deviation of the end-effector. The most severe
vibration occurs during the 0-1 s startup phase, with a peak value of about 25 mm. A smaller peak
(approximately 17 mm) also appears during the 3.5-4.5 s period. Subsequently, the curve tends to stabilize
relatively, though fluctuations persist.

Structural flexibility mainly contributes to low-frequency deformation caused by gravity and inertial
loading, whereas transmission nonlinearities introduce periodic excitation associated with rack—pinion
engagement. Their coupling effect becomes most significant during startup due to rapid acceleration.

4. Conclusion

In this study, a rigid-flexible coupled dynamic model was developed to investigate the vibration
characteristics and positioning deviation mechanism of a hot metal deslagging robot by considering the elastic
deformation of the long-cantilever boom and the dynamic excitation from the rack-and-pinion transmission
system. The model was established by integrating finite element modal analysis with ADAMS multibody
dynamics, enabling the interaction between structural flexibility and drivetrain excitation to be effectively
captured.

The simulation results demonstrate that the coupling effect between boom deformation and transmission-
induced excitation significantly influences the dynamic performance of the deslagging robot. The startup stage
is identified as the most critical operating condition, where rapid acceleration excites the flexible modes of the
boom and produces the maximum dynamic response. The end-effector positioning deviation results show that
structural flexibility mainly determines the overall deformation trend, while drivetrain nonlinearities introduce
periodic dynamic fluctuations. The resultant displacement deviation from the ideal rigid-body trajectory
confirms the necessity of rigid-flexible coupled modeling for accurate dynamic evaluation.

The obtained dynamic response characteristics and positioning error data provide a theoretical basis for
vibration suppression, structural optimization, and subsequent controller design of hot metal deslagging robots.
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